High temperature deformation in single crystal CoAl-W-base γ-γ alloys containing Ti, Ta, and Cr has been investigated. The alloys contain a initial two phase microstructure consisting of ordered (L1 2 ) precipitates embedded in a solid-solution FCC matrix, similar to Ni-base alloys. Tension creep tests of single crystal Co-base alloys have been conducted in vacuum at 900
Introduction
Nickel-base superalloys have seen decades of use in gas turbine applications due to their superior creep resistance at high temperatures [1, 2, 3] . Successive generations of improved alloys have substantially improved turbine performance. For example, turbine inlet temperatures in industrial gas turbines have increased due to the introduction of advanced nickelbased single crystals, resulting in a combined cycle power plant efficiency near 60% [4] . It is estimated that a 1% increase in efficiency saves $15-20M over the lifetime of a land-based gas turbine engine [4] . Thus, there is a continued incentive to develop higher temperature materials.
Current Ni-base alloys are reaching their operational temperature limit due to the onset of melting in these alloys, which is typically in the range of 1350-1450
• C [1, 5] .
Numerous strategies have been developed to increase the operating temperature of gas turbine engines. In the 1960s, the first designs with internal cooling passages that draw air from the compressor were introduced [5, 6] . The development of serpentine cooling passages and film cooling, provided by laser drilled cooling holes on the pressure side of the blade, again allowed for operating temperatures to increase [3] . These cooling methods further challenge the thermomechanical performance of the superalloy in service [7] . The newest technology involves the use of bond coats and thermal barrier coatings that protect the underlying cooled superalloy from extreme temperatures [5, 6] . Due to the potential for foreign object damage, the ability of thermal barrier coatings to increase engine operating temperature will ultimately be limited by the maximum operating temperature of the superalloy substrate [6] . As an alternative to developing these new and complex technologies, increasing the temperature capability of the metal substrate could increase the operating temperature of the engine.
Recently, the existence of an L1 2 phase in the Co-Al-W ternary was discovered [8] . Alloys containing a two-phase (γ-γ ) microstructure, similar to Ni-base alloys, have subsequently been subjected to preliminary investigations. The γ crystal structure is face-centered cubic (A1), and the Co 3 (Al,W) γ precipitates are of L1 2 structure [8] .
The Co-base alloys have liquidus temperatures of about 100-150
• C higher than CMSX-4 containing 3wt.% Re suggesting a potential temperature benefit equivalent to several generations of new alloys [9, 10] .
These new cobalt-base alloys are resistant to freckle formation during directional solidification, which is beneficial for casting of physically large components [11] . Compressive flow stress experiments have also shown that Co-Al-W-Ta single crystals exhibit a larger 0.2% flow stress than Ni-base superalloys above 900
• C [12] . These initial studies provide further motivation to study high temperature creep, which is a dominant mode of deformation for single crystal turbine blades used in gas turbine engines [13] .
Experimental Methods
Four alloys have been investigated and their compositions are given in Table 1 . Alloying additions of Table 2 .
Ends of the heat treated bars were sectioned and metallographically prepared to examine the γ-γ microstructure. An etchant comprised of 20 mL HCl -10 mL H 2 O 2 was used to reveal both the dendrites and γ-γ microstructure. The etchant preferentially attacks the γ phase.
The primary dendrite arm spacing (PDAS), area fraction of porosity and γ area fraction were measured for each alloy. Five light optical images of the solution heat treated specimens in the etched condition were used to determine PDAS using conventional methods [14] . Five light optical images of aged specimens in the as-polished condition were used to determine the average area fraction porosity using ImageJ. A one-way analysis of variance (ANOVA) was conducted between each of the four compositions to determine statistical differences of Differential thermal analysis (DTA) was performed on the investigated alloys using a Seteram Setsys 18 system with a Pt reference sample. The system was calibrated with high-purity Ni and Ag prior to experiment [15] . Solution heat treated cylindrical specimens with a mass ranging from 250 to 350 mg were prepared, and transformation temperatures were determined using cooling curves for γ -solvus, and heating curves for the solidus and liquidus, at a rate of 5 K min −1 .
Button head tensile creep specimens 76.2 mm in total length with a 25.4 mm gage length were machined from the single crystal bars. Vacuum creep studies were conducted in tension at 900
• C at stresses between 275 -379 MPa using a 3:1 lever arm. An overview of creep testing conditions is given in Table  3 . All tests were conducted at a vacuum level below 10 −6 torr. The temperature on the sample was measured using a bare-tip R-type thermocouple which was in contact with the gage section prior to the onset of the creep test. Strain was measured by taking the average of two linear voltage capacitor transducers which measured displacement of the extensometer attached to grooves at either end of the gage section.
Microstructure and Physical Properties
The PDAS in the as-solidified bars were 247, 139, 175 [11] , and 315 µm for the Ternary, 2Ta, CrTa, and 6Ti alloys, respectively. The as-cast microstructure contained eutectic pools in the interdendritic regions, and precipitates which varied in size and morphology. Larger precipitates about 0.4 µm in diameter were found in the interdendritic regions, while smaller precipitates (<0.1 µm) were found in the dendrite cores.
Solution heat treated samples of 2Ta and 6Ti did not contain any remnant eutectic phases, while the Ternary and CrTa showed a very limited amount of eutectic phases. The porosity area fraction for the fully heat treated Ternary, 2Ta and CrTa alloys was less 0.5%. The 6Ti alloy exhbited area fraction porosity at about 1%. The one-way analysis of variance results verified the difference in mean area fraction of porosity between the 6Ti and other three alloys.
The morphology of the γ precipitates in all the aged Co-base alloys was cuboidal, as shown in Figure 1 . The size of the cubes was about 0.4 -0.6 µm for the Ternary, 2Ta, and 6Ti alloys, and less than 0.2 µm in the CrTa alloy. The γ volume fraction varied from about 40% -70%, as shown in Figure 1 .
The transformation temperatures as measured by DTA are given in Figure 2 . Data from reference [16] shows γ -solvus, solidus and liquidus of 1309
• C, 
1326
• C, and 1370
• C, respectively for CMSX-4.
Single Crystal Tensile Creep Figure 3 shows selected creep curves of the four alloys at several different stresses. Limited primary creep (<0.3%) was observed in all tested alloys. Due to limited primary creep, the minimum creep rate was established within the first hour in all tests, and this rate persisted for 20-100 hrs, depending on the alloy and testing conditions. The minimum creep rate as a function stress for all tested specimens is shown in Figure 4 . • C. The filled data points are data from commercial alloy René N4 [17] . A 900
• C estimate has been interpolated from the René N4 data.
Directional coarsening (rafting) of the γ precipitates occurred parallel to the applied tensile axis in all rupture specimens, as shown in Figure 5 . Coarsening parallel to the applied tensile stress is indicative of positive misfit between the γ and γ phases [18] . The sign of misfit is in agreement with previous x-ray diffraction studies [8] .
The rafts varied in thickness, according to the initial precipitate size. The CrTa alloy contained the smallest initial precipitates and developed significantly thinner rafts compared to the Ternary, 2Ta, and 6Ti alloys. The 6Ti alloy contained the most irregular rafts of the alloys investigated.
Undesired phases not present in the as-aged material precipitated during creep in the 2Ta and CrTa alloys, as shown in Figure 6 . The morphology of the plate-like phases is similar to the Co 3 W (D0 19 ) phase which has been characterized in diffusion couple and oxidation experiments [9, 19] .
Shear bands developed during creep at high strains in the Ternary, 2Ta, and CrTa alloys (see arrows in Figure 6 ). The bands were oriented at approximately 45
• to the loading axis. Along the shear bands, W-rich phases precipitated in the 2Ta and CrTa alloys. There was no preference for the formation of the W-rich phases in the interdendritic regions.
Longitudinal cross sections revealed that W-rich phases were concentrated along the exterior, exposed surface in the gage section of the 2Ta and CrTa specimens, but decreased in apparent area fraction towards the center. This may be due to local Al depletion from limited vaporization in the vacuum chamber. No oxide scale was observed on the surface. The W-rich phases did not appear to be concentrated on the fracture surface of the specimens, though the fracture surface was sloped along the same direction as the shear bands. The ruptured 6Ti specimen also contained W-rich phases near the outside, exposed surface in the gage section where some recrystallization occurred, as shown in Figure 6 . No W-rich phases were observed subsurface, or along the fracture surface.
In all alloys, the tertiary regime of creep accounted for greater than 50% of the rupture life for all specimens, and all specimens tested to rupture failed with less than 24% creep strain. Figure 7 shows a Larson Miller curve the Co-base alloys in comparison to a number of commercial single crystal alloys. The 6Ti alloy exhibited the longest rupture life, and the CrTa alloy exhibited the lowest rupture life in the alloys investigated.
In the Ternary, 2Ta, and CrTa specimens, the fracture surface appeared relatively smooth and was sloped approximately 45
• from the tensile axis. The fracture surface of the 6Ti specimen was significantly rougher than the other three alloys, and was oriented approximately normal to the axis of the applied stress. The cross-sectional areas of the gage length experienced shape changes after extensive deformation in the Ternary, CrTa, and 6Ti specimens. The gage sections of the Ternary and 6Ti alloys experienced a change in cross section, elongating along the transverse [100] direction. Conversely the CrTa alloy elongated along the [110] direction, as shown in Figure 8 . The 2Ta ruptured specimen maintained a cylindrical shaped gage section. An overall summary of these creep properties is given in Table 4 .
Discussion
Initial microstructures of the Co-base alloys show a strong dependence on chemistry and heat treatment, with varying γ precipitate volume fraction and size. The Ternary, 2Ta, and 6Ti alloys all possess a high volume fraction and relatively large size of precipitates as a result of aging above 950
• C, whereas the CrTa alloy exhibits a lower volume fraction and smaller size of precipitates after a 900
• C heat treatment. Tantulum and Ti are γ -forming elements while Cr is a γ-forming element in Co-base alloys [8, 25] . The CrTa alloy has the lowest γ -solvus temperature among the set of alloys investigated, at 975
• C. In Ni-base alloys, the volume fraction of γ typically decreases with increasing temperature [26, 27] . Apparently, the lowering of the γ -solvus is caused by Cr additions with the net effect of producing low volume fractions of precipitates in spite of a lower aging temperature.
The DTA experiments shown here, and experiments conducted by Ooshima et al. [25] indicate that the γ -solvus temperature increases monotonically with W content in the Co-Al-W alloys. Additions of 6Ti and 2Ta increase the γ -solvus temperature by about 50
• C compared to the ternary alloy. The γ -solvus temperature of the 2Ta alloy is 9
• C greater than the alloy studied by Ooshima et al. which had 2at.% less W content. Additions of Ti up to 6at.% appear to be beneficial to the γ -solvus temperature as it increases the transformation by about 60
• C compared a similar Co-Al-W-2at.%Ti alloy investigated by Ooshima et al. However, Ti widens the freezing range and lowers the solidus temperature. Chromium additions have been shown to decrease the γ -solvus temperature in Co-Ni-Al-W-base alloys [28] , and Co-base studied here and by Ooshima.
Comparison of the minimum creep rates ( Figure  4) for the Co-base alloys and commercial superalloy René N4 suggest that the Co-base alloys are performing comparably or better at 900
• C. This is remarkable considering the Ternary alloy is simple with regard to chemistry. A prior polycrystalline creep test of a Co-Al-W-0.1at.%B alloy at 850
• C and 350 MPa exhibited a minimum creep rate of about 4 × 10 −8 s −1 [29] . In the present study, the Ternary alloy tested at 900
• C and 345 MPa resulted in minimum creep rate of 8 × 10 −9 s −1 . Thus the single crystal alloys show a temperature benefit in creep properties by at least 50
The minimum creep rates of the 2Ta and 6Ti alloys are lower than those exhibited by new Ni-containing Co-Al-W alloys with additions of Ta, Cr, Mo, B and C [28] . The time to accumulate 2% creep strain is also longer in the Co-base alloys relative to the Co-Ni-Al-W-base alloys. The reasons for this are not yet clear; further systemic studies with controlled Ni additions would be useful.
The Co-base rafts are longer and of higher aspect ratio than the Co-Ni-Al-W-base rafts that formed during creep. Work by Caron et al. [30] showed that, for specimens with an initial well-aligned array of cuboidal precipitates, the minimum creep rate was lower than specimens containing initially irregularly shaped particles. The authors concluded that the well-aligned cuboidal precipitates facilitated a rapid formation of high aspect-ratio rafts. Mughrabi suggested that if dislocations cannot cut the γ rafts, elongated rafts would be beneficial to creep properties because the rafts would prohibit dislocations from climbing and gliding around them [31] . Comparison of the microstructures reveals that the Co-base alloys have a more regular array of γ precipitates than the Co-Ni-Al-W-base alloys [28] , which is likely responsible for improved creep properties. Figure 7 compares the Larson Miller Parameter (here given in Kelvin) of the investigated Co-base alloys to 1st-, 2nd-, and 3rd-generation Ni-base superalloys CMSX-2, -3, and -10, respectively. All Co-base alloys investigated are comparable or superior to CMSX-3, with regards to rupture life. The 6Ti alloy exhibits a rupture life comparable to CMSX-4 -a 2nd-generation superalloy.
First-principles density functional theory calculations using special quasi-random structures has indicated that Ti additions to the γ -Co 3 (Al,W) phase increase the superlattice intrinsic stacking fault energy [32] . An increase in stacking fault energy would provide a greater energy barrier to dislocation penetration in the γ phase. The increase in stacking fault energy may help explain why the 6Ti alloy exhibited the lowest minimum creep rate and largest rupture creep strain of all alloys investigated. Additionally, phase diagrams of the Co-Al-W-Ti quaternary developed by Kobayashi et al. [33] indicated that there exists a stable L1 2 field spanning from the Co-Ti binary to Co-5Al-8.5W-8Ti at.%. The enhanced stability of the L1 2 phase predicted by Kobayashi et al. is apparent due to the absence of additional phases after creep at 900
• C.
The differences in the cross-sectional shape changes may be attributed to differing active slip systems. Cross-sectional shape changes can indicate the active slip system(s) present during deformation [34] . The Ternary and 6Ti alloys experienced limited primary creep and the cross-sectional area in the gage sections elongated along the transverse [100] direction. This indicates that an active 110 {111}-type slip system is present. However, the CrTa alloy experienced cross-sectional elongation along the [110] direction. This suggests that an active 11 2 {111}-type system was present during deformation. Transmission electron microscopy studies are underway to investigate dislocation structure during deformation.
The creep rupture strains of the Co-base alloys are less than the Co-Ni-Al-W-base alloys studied in reference [28] . The Co-Ni-Al-W-base alloys were cast via the liquid metal cooling (LMC) process, which resulted in a more refined dendritic microstructure compared to the Co-base alloys presented here, so creep damage accumulation may occur at a different rate. Studies comparing the creep rupture lives of Ni-base superalloys cast via the LMC and Bridgman process generally show that the minimum creep rate is unaffected, but the rupture life and rupture creep strain can be affected [35] .
The W-rich phases present in the ruptured specimens are similar in morphology to those observed in previous oxidation studies of the CrTa alloy and other Co-base alloys [9, 36] . Tungsten-rich phases will precipitate as the Co 3 W phase if the local Al content is too low as suggested by calculated phase diagrams [8, 19, 33, 37] . A limited amount of Al loss from the sample surfaces during vacuum creep testing is likely reasonable for the formation of this phase in shear-surface regions. Assuming the shear bands arise from slip on {111} planes, nucleation of the Co 3 W phase may be favorable due to the crystallographic orientation relationship between the FCC/L1 2 and D0 19 phases -that is 110 {111} is parallel to 1120 {0001}. Rupture strains in the tested samples were in the range of 7-12% for the Ternary, 2Ta, and CrTa alloys, so these phases may have also caused a debit in creep ductiliity. Alloying strategies and/or coatings that prevent their precipitation can be developed.
Conclusions

Minimum creep rates at 900
• C in the Cobase alloys investigated are comparable to 1st-generation Ni-base single crystal superalloy René N4.
2. Alloys which possess larger, high volume fractions of γ precipitates exhibit lower minimum creep rates than the alloy with smaller, lower volume fractions of γ precipitates.
3. Directional coarsening occurs during creep and rafts form parallel to the applied tensile stress, indicating positive misfit between the γ and γ phases.
W-rich phases precipitate during creep at 900
• C in Co-Al-W alloys with 2Ta and 1.5Ta-4.5Cr (at.%).
At 900
• C, the Co-base alloys investigated exhibit lower minimum creep rates compared to Co-Ni-Al-W-base alloys with significant additions of Ni.
